The relation between the composition of the phospholipid molecular species in a cell membrane and the velocity of protoplast fusion was studied using cells cultured at a low temperature (10 C). Cells cultured at a low temperature contained larger proportions of phospholipids of low phase transition point, the 1,2diinoleoyl-type, than those cultured at a normal temperature (25 C). When treated with polyethylene glycol 6000, protoplasts from cells cultured at 10 C fused and progressed to the fused sphere stage more rapidly than did those from ceUs cultured at 25 C.
The compositions of phospholipids and of the fatty acids in phospholipids, glycolipids, etc. have been analyzed in studies on frost resistance (15) and in the activity of photosynthesis (14) in plants. The composition of the fatty acids in the phospholipid fraction has been shown to be related to temperature (9, 12, 15) .
These studies also have shown that saturated fatty acids (16:0') increased when plants were grown at a high temperature and that unsaturated fatty acids (18:2 and/or 18:3) increase when grown at a low temperature. Unsaturated fatty acids have lower Tm (18:2, -5 C; 18:3, -11 C) than saturated fatty acids (16:0, 63 C). Cells cultured at a low temperature require a more fluid membrane than those cultured at standard temperature; thus, the increase in unsaturated fatty acids means that molecular species with low Pc should increase.
The increase in membrane fluidity, as determined by the phase transition of phospholipids, was applied to the improvement of protoplast fusion in this research. Protoplast fusion is important in biochemical and genetic engineering studies, but many details regarding its mechanism are not known. Membrane fluidity may affect the rate of protoplast fusion.
We previously proposed that membrane fluidity is determined by the phase transition of the phospholipid molecular species (3, 17) . In the present study we have analyzed the relative distributions of the phospholipid molecular species in cells cultured at two different temperatures (10 and 25 C) and found that protoplasts whose membranes have more unsaturated fatty acids increased the speed of protoplast fusion. the culture have been described in a previous paper (18) . Stock cells were cultured at 25 C with subcultures every 7th day. To analyze the phospholipid molecular species and to measure the speed of protoplast fusion, the following types of cells were used: A, cells cultured at 25 C for 5 days; B, cells cultured at 25 C for 7 days; and C, cells cultured at 25 C for 5 days, then at 10 C for 2 days.
MATERIALS
Analysis of Phospholipids. The relative distribution of the molecular species in the PC, PE, and PI fractions of A, B, and C cells were determined as described in previous papers (8, 11, 17) .
Isolation of Protoplasts and Measurement of the Speed of Protoplast Fusion. Protoplasts were isolated from A, B, and C cells as described previously (18) Protoplasts treated with PEG 6000 adhere to one another at one point (point adherence stage); then these point adherent protoplasts proceed to the next stage in which the protoplasts adhere closely face to face (face adherence stage). In time, these face adherent protoplasts fuse to form a single spherical or oval protoplast (fused sphere stage).
In this experiment, a total ofabout 500 protoplasts were counted under a microscope at 5, 30, 60, 90, and 120 min after the addition of PEG solution (15 replicated experiments).
RESULTS
Cell Growth and Composition of Phospholipids. The standard cultured cells at 25 C went into the exponential growth phase after about a 24-h lag phase (Fig. 1) . To produce C cells, cultured cells were transferred from 25 to 10 C, on the 5th day at 25 C. These cells at 10 C stopped dividing, but protoplasmic streaming was observed as long as 1 week later.
Compositions of the phospholipids in A, B, and C cells are shown in Table I . All three cell types had similar compositions: major phospholipids, PC: 55-62%, PE: 22-26%, PI: 8-11%; and the minor phospholipid, phosphatidylglycerol: trace-3%. Phosphatidic acid, detected in a previous experiment (18), was not found in this analysis. Trace amounts of phosphatidylserine, lyso-PC, and lyso-PE were present.
Relative Distribution of Molecular Species. Relative distributions of the molecular species in the PC, PE, and PI fractions of A, B, and C cells are shown in Table II Velocity of Protoplast Fusion. More than 10%1o of the cells formed protoplasts in all the cultures (A, B, and C). Production of fused sphere protoplasts and face adherent protoplasts was higher in C cells than in A and B cells 5 min after the addition of PEG. The total percent of fused sphere protoplasts and face adherent protoplasts in A, B, and C cells at 5 min was about 29, 24, and 36%, respectiVely, with the majority being face adherent protoplasts in each treatment (Fig. 2) . The time required to progress to the fused sphere stage, for 5% of all the protoplasts treated with the PEG solution was 10-15 min for C, about 50 min for A, and about 100 min for B (Fig. 2) . the molecular species with low Pc, i.e. the 1-18:2/2-18:2-type. No change in the PI fraction was found in the relative distributions of the molecular species in A, B, and C. This suggests that the function of PI in the cell membrane differs from that of PC or PE. Taking advantage of this change in the relative distribution of the fatty acids we succeeded in accelerating protoplast fusion.
Cultured Rauwolfia cells underwent few divisions at 10 C (Table  I) , but the relative distribution of the phospholipid molecular species in the C cells was distinct from that in the B cells (Table  II) . Therefore, at 10 C, cultured Rauwolfa cells at least underwent a turnover of their membrane phospholipids. The response rate of the changes in the phospholipid molecular species to temperature probably depends upon this turnover of phospholipids.
There are two methods of using temperature to fuse protoplasts effectively. The first is to raise the incubation temperature to increase membrane fluidity when the protoplasts are treated with fusogen, chemical and viral agents that cause membranes to fuse (7, 13) . This rise in temperature causes the structural phospholipids to change from the gel to the liquid crystal phase; this increase in fluidity accelerates protoplast fusion. The second method is to culture plant cells at a low temperature before isolating the protoplasts in order to form a cell membrane that consists of more fluid components. Low temperature culture (e.g. 10 C) leads to an increase in the proportion of phospholipids oflow Pc, the resulting phospholipids in the liquid crystal phase increase the fusion rate at a normal temperature (e.g. 25 C). We observed that the frequency of face adherent protoplasts was determined mainly by the density of the protoplasts treated with PEG solution. An increase in fluidity affected the transition from the face adherence stage to the fused sphere stage. Rivera and Penner (12) reported that the composition of fatty acids in soybean root cells responded to an alteration in temperature and changed within 2 days. Our study also indicates that the change in the plasma membrane takes place within 2 days.
The method used to extract phospholipids in this experiment (1), can be used for both the plasma membrane and part of the inner membrane (but not all of it because of the absence of cardiolipin as the mitochondrial marker). Kagawa et al. (5) and Morre (10) reported that the radioactive precursor ofphospholipid first is incorporated in ER after which radioactivity appears in order in the Golgi body, mitochondria, and plasma membrane.
Phospholipids of the isolated plasma membrane alone should be fatty acyl residues in each analyzed in the future.
Cultures of heterocaryocites obtained by treating protoplasts with fusogen PEG (4, 6, 16), NaNO3 (2), or a high concentration of Ca2' at a high temperature (7) have been reported. A shorter treatment period with low concentrations of fusogen is better for the subsequent culture of the fusion products because fusogens disrupt plant protoplasts. The method reported in this paper is advantageous because it enables protoplast fusion to proceed quickly.
